Abstract The present study focuses on the optimization of biosurfactant (BS) production using two potential biosurfactant producer Pseudomonas stutzeri NA3 and Acinetobacter baumannii MN3 and role of enzymes in the biodegradation of crude oil. The optimal conditions for P. stutzeri NA3 and A. baumannii MN3 for biodegradation were pH of 8 and 7; temperature of 30 and 40°C, respectively. P. stutzeri NA3 and A. baumannii MN3 produced 3.81 and 4.68 g/L of BS, respectively. Gas chromatography mass spectrometry confirmed that BS was mainly composed of fatty acids. Furthermore, the role of the degradative enzymes, alkane hydroxylase, alcohol dehydrogenase and laccase on biodegradation of crude oil are explained. Maximum biodegradation efficiency (BE) was recorded for mixed consortia (86%) followed by strain P. stutzeri NA3 (84%). Both bacterial strains were found to be vigorous biodegraders of crude oil than other biosurfactant-producing bacteria due to their enzyme production capabilities and our results suggests that the bacterial isolates can be used for effective degradation of crude oil within short time periods.
Introduction
Biosurfactants are surface-active molecules synthesized by bacteria, yeasts and fungi Peele et al. 2016) . Biosurfactants are amphipathic molecules by both hydrophobic and hydrophilic moieties that preferentially locate at the interface between fluid phases that comprise diverse levels of polarity and hydrogen bonding, such as air/water or oil/water interfaces (Mulligan 2005; Khopade et al. 2012; Roy et al. 2015; Peele et al. 2016; Sebatini et al. 2016) . Surfactants have been useful in various industries for diverse applications, such as environmental, agriculture, chemistry, cosmetics food production, medicinal, pharmaceutics and microbial-enhanced oil recovery (Freitas de Oliveira et al. 2013; Dhasayan et al. 2015) . Table S1 (Supplementary material) shows the various industrial applications of biosurfactant and their source of isolations. Biosurfactants have distinctive features, including low toxicity, biodegradability, and large flexibility in operations (Abalos et al. 2004; Pathak and Keharia, 2014; Kumar et al. 2015; Mani et al. 2016 ). However, their production is still a challenging task. To overcome this issue, a range of inexpensive raw materials, coupled with oil wastes, plant-derived oils, lactic whey, distillery wastes and starchy substances have been tested for biosurfactant synthesis (Mukherjee et al. 2006) . The reduced costs due to biosurfactant production using agricultural wastes (Gudina et al. 2011 ) will boost production. However, the most important issues associated with the use of cheap wastes are to discover wastes that provide an equilibrium of nutrients that allows growth along with high production as well as isolation of efficient strains, improved fermentation processes and replacement of substrates.
A broad range of microorganisms can produce biosurfactants using different substrates such as oils, alkanes, sugars, and agro-industrial wastes. Good examples are potato processing wastes and molasses (Mulligan 2005) . For example, lipopeptides are synthesized by several Bacillus species. Glycolipids are synthesized by Candida and Pseudomonas species, whereas Thiobacillus thiooxidans synthesizes phospholipids. Lipid-polysaccharide compounds are produced by Acinetobacter species. Abalos et al. (2004) reported that capabilities of the rhamnolipid role by Pseudomonas aeruginosa in crude oil degradation. Microorganisms frequently produce biosurfactants during proliferation on water immiscible substrates, to make easy utilization of the substrates by the cells (Van Dyke et al. 1991; Youssef et al. 2004; Ibrahim, 2016; Parthipan et al. 2017a) .
Presently, the key factor that decreases the extensive use of biosurfactants is the process economics and various approaches selected for decreasing the manufacturing expenses and building fermentation economical by means of chemical synthesis (Makkar and Cameotra 2002) . This production can be achieved by production medium optimization, improvement of the efficient recovery methods and the strain development can open the way to their cheap production, throughout the enlargement of efficient processes (Mukherjee et al. 2006; Kumar et al. 2016) . Thus, upcoming biosurfactant research must further favour the manufacturing cost, predominantly through the exploit of inexpensive culture media. An important factor that influences on biosurfactant production is the carbon and nitrogen sources. Additionally optimization of other environmental factors and growth conditions such as pH, agitation, temperature, and oxygen accessibility are also considerable interest (Desai and Banat 1997) .
Environmental pollutions due to the release of hydrocarbons, solvents and heavy metals is a serious challenge nowadays, since these components are extremely dangerous to living organisms and indirectly contribute to the economic losses in developing countries (Sathishkumar et al. 2008; Chikere et al. 2011; Ismail et al. 2013; Ekperusi and Aigbodion 2015) . Various studies were reported on degradation of xenobiotic compounds such as crude oil by indigenous microorganisms by many researchers (Hassanshahian et al. 2012; Rajasekar 2017) . Although various physiochemical methods exist in literature to remediate the oil contaminations, bioremediation is considered to be one of the best choices, since they are more efficient, eco-friendly and cost effective than other methods (Ismail et al. 2013) .
Biodegradative enzymes also play a key role in biodegradation of hydrocarbons. An important mechanism in alkane removal is the oxygenation of terminal methyl group. While alkane-degrading microbes own multiple genes for alkane hydroxylases, as they are highly proficient in degrading a wide range of alkanes (Van Beilen et al. 2002; Parthipan et al. 2017b) . Many enzymes are involved in the hydrocarbon degradation. Good examples are methane monooxygenase, alkane monooxygenase, alcohol dehydrogenase and laccase (Parthipan et al. 2017b) . A wide range of bacterial strains such as Pseudomonas sp. BP10, Stenotrophomonas nitritireducens (Jauhari et al. 2014) , P. aeruginosa PSA5, Rhodococcus sp. NJ2, and Ochrobactrum intermedium (Mishra and Singh 2012) have been studied for their ability to produce these degradative enzymes during the biodegradation of hydrocarbons.
Therefore, the present study involves seven bacterial strains that are screened for biosurfactant production. Further, biosurfactant production conditions were optimized for selected biosurfactant-producing strains by providing the different carbon and nitrogen sources. The effects of pH, temperature, concentration of the carbon and nitrogen on biosurfactant production also evaluated. The role of biosurfactants towards crude oil degradation assays and the role of other degradative enzymes were also studied.
Materials and methods

Chemicals
All the chemicals used in this study, i.e., n-hexadecane, triton X-100, starch, sucrose, glycerol, maltose, mannitol, ammonium phosphate, ammonium sulphate, ammonium chloride, peptone, potassium nitrate, yeast extract, urea, hydrochloric acid, magnesium sulphate, ferrous sulphate, manganese sulphate, zinc sulphate, copper sulphate, calcium chloride, monopotassium phosphate, disodium phosphate, dipotassium phosphate, ammonium nitrate, ferric chloride, dichloromethane, Luria-Bertani (LB) medium, and sodium hydroxide of analytical grade were purchased from Himedia (Mumbai, India). Crude oil and diesel were purchased from an oil company and coconut oil was purchased from a local store.
Microorganisms and culture conditions
In this study Gram-negative bacterial strains P. stutzeri MN1, A. baumannii MN3, P. stutzeri NA3, P. aeruginosa TBH2, Chelatococcus caeni TMN2, Pseudomonas sp. TNA2 and Achromobacter xylosoxidans TTB1 were screened to evaluate their production of biosurfactants. These strains were isolated from the injection/production water collected from Indian crude oil reservoir company, Karaikal, India. Strains were identified by 16S rDNA sequence and deposited in National Center for Biotechnology Information Genbank (KU708859-KU708865) as reported in Sathishkumar et al. (2016) and Kuppusamy et al. (2017) . These strains were retrieved from glycerol stock and sub-cultured in LB agar plates (g/L 10.0 tryptone, 5.0 yeast extract, 10.0 sodium chloride with 15.0 agar) and incubated at 37°C for 24 h. Further inoculums were preferred by single colony inoculation method using LB broth (pH 7.0) and incubated in an orbital shaker (150 rpm) for 24 h at 37°C used for further studies.
Screening for biosurfactant production
Biosurfactant production was aerobically carried out in 500 mL Erlenmeyer flask containing 200 mL of sterile minimal salt medium (MSM) (g/L 0.2 MgSo 4 , 0.02 CaCl 2 , 1.0 KH 2 PO 4 , 1.0 K 2 HPO 4 , 1.0 NH 4 NO 3 , and 0.5 FeCl 3 Himedia, Mumbai, India), supplemented with 1% (v/v) glucose. Medium pH was set to 7.0 and sterilized at 121°C for 15 min. The flasks were individually inoculated with pre-grown bacterial culture (1.6 9 10 4 CFU m/L), and incubated at 37°C in an orbital shaker (150 rpm). After 5 days of incubation, the content of the flasks was centrifuged at 4°C for 20 min at 40009g and the supernatant was utilized for screening purposes. Biosurfactant production was tested with a series of preliminary screening assays such as drop collapse test by Jain et al. (1991) , the oil displacement method (Hassanshahian 2014 ) and the evaluation of emulsification activity (Chen et al. 2015) . All the assays were performed in triplicate and sterile distilled water was used as control.
Optimization of biosurfactant production
Based on the initial screening of the isolates, two bacterial strains, i.e., P. stutzeri NA3 and A. baumannii MN3 were selected for optimization studies. Five different parameters were selected for optimization studies such as pH, temperature, carbon, nitrogen sources, and the concentration of carbon/nitrogen sources. Both strains were sub-cultured using LB medium as described earlier.
Effect of pH
For optimization of the pH, six ranges were selected, i.e., 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0. MSM medium was prepared with 1% of the glucose as sole carbon source and different pH ranges was adjusted with the help of digital pH meter using 6N HCl and 2N NaOH solutions. After the pH adjustment, the medium was sterilized at 121°C for 15 min. Both strains NA3 and MN3 (1.6 9 10 4 CFU m/L) were inoculated into sterilized medium and kept at 37°C for 5 days in an orbital shaker (150 rpm).
Effect of temperature
Five temperatures were selected for optimization, i.e., 20, 30, 40, 50, and 60°C, since these ranges of temperature were optimum for many bacteria. MSM medium was prepared with 1% of the glucose as sole carbon source and the pH was adjusted to 8.0 and 7.0 for strain NA3 and MN3, respectively. The medium was sterilized at 121°C for 15 min. Both strains NA3 and MN3 (1.6 9 10 4 CFU m/L) were inoculated and kept at different temperatures as above-mentioned for 5 days in an orbital shaker (150 rpm).
Effect of carbon
Eight carbon sources such as crude oil, coconut oil, diesel oil, sucrose, starch, glycerol, mannitol, and maltose were selected based on the their simple to complex nature for the optimization purpose. MSM medium was prepared with 1% of each carbon source and pH of the medium was adjusted to 8.0 and 7.0 for strain NA3 and MN3, respectively; further sterilized at 121°C for 15 min. Both the bacterial strains NA3 and MN3 (1.6 9 10 4 CFU m/L) were inoculated and incubated at 30 and 40°C, respectively, for 5 days in an orbital shaker (150 rpm).
Effect of nitrogen
Nitrogen is a crucial requirement for microbial growth as well as for effective biosurfactant production. Seven different nitrogen sources were selected for the optimization purpose, i.e., ammonium phosphate, ammonium sulphate, ammonium chloride, peptone, potassium nitrate, yeast extract, and urea. MSM medium was prepared without ammonium nitrate (nitrogen source) and separately replaced with each nitrogen source (1 g/L), 1% of sucrose was added as carbon source and pH of the medium was adjusted 8.0 and 7.0 for strain NA3 and MN3, respectively; further sterilized at 121°C for 15 min. Both bacterial strains NA3 and MN3 (1.6 9 10 4 CFU m/L) were inoculated and incubated at 30 and 40°C for strain NA3 and MN3, respectively, for 5 days in an orbital shaker (150 rpm).
Effect of the carbon and nitrogen concentration
Carbon and nitrogen substrates optimized in this study were further used to establish their joint concentration required for optimal biosurfactant production. Both optimized carbon and nitrogen sources were added in the MSM medium with different concentration, i.e., 1, 2, 3, 4 and 5%. pH was adjusted to 8.0 and 7.0 for strains NA3 and MN3, respectively, and sterilized at 121°C for 15 min. Both strains NA3 and MN3 (1.6 9 10 4 CFU m/L) were inoculated and incubated at 30 and 40°C, respectively, in an orbital shaker (150 rpm) for 5 days.
Analysis of optimized conditions
At end of the each optimization assay, bacterial cells were removed from surfactant-containing medium by centrifugation and the supernatant was used for the emulsification activity. Bacterial biomass was acquired as described by Santos et al. (2014) . The optimum growth conditions of the each strain were confirmed by emulsification activity and bacterial biomass for each parameter. Cell-free supernatant collected from each assay optimizing the effect of the carbon and nitrogen concentration was used for quantification of biosurfactant production. The crude biosurfactant was obtained as described by Xia et al. (2011) . Briefly, the supernatant was acidified to pH 2.0 using HCl and left for precipitation, the precipitated biosurfactant was pooled by centrifugation. The obtained crude biosurfactant was suspended in double-deionized water and extracted with dichloromethane. The solvent layer was collected, and the extraction steps were repeated for three times. Then the product was concentrated using a rotary evaporator and weighed to confirm the quantitative production. The surfactant collected in this method was considered as partially purified and used for characterization purposes.
Biosurfactant characterization
The biosurfactant was characterized using gas chromatography mass spectrometry (GC-MS) and Fourier-transform infrared spectroscopy (FT-IR) (Perkin-Elmer, Nicolet Nexus-470). Further purification was carried as follows: 10 mg of biosurfactants were mixed with a 5% HClmethanol solution and 1 mL of H 2 O was added at the end of the reaction. Then the sample was collected with nhexane and 1 lL of sample was injected into a gas chromatographer. GC-MS model Perkin Elmer, Clarus 680, Elite-5MS (30 m 9 0.25 mm ID 9 0.25 lm) was used. 1 lL of the purified sample was injected by split mode at 10:1 ratio. Helium was used as carrier gas, with flow rate of 1 mL min -1 and the working temperature of the GC injector was set to 250°C. The gradient temperature was in the range from 60 to 300°C at a speed of 10°C min -1 , through an isothermal phase of 6 min at the end of the analysis. The mass spectra were obtained with a m/z range of 50-600 in an ultra-high resolution mode with a acquisition speed of 6 spectra/s. The mass spectrum was matched with the NIST database. The biosurfactants functional groups were qualitatively characterized by FT-IR. The samples were pulverized by the addition of potassium bromide at 1:100 ratio and the pellet was fixed in the sample container, and analysed in the mid IR region of 400-4000 cm -1 .
Biodegradation of crude oil and enzyme assays
The degradation of crude oil was carried out as described by Rahman et al. (2002) . Pre-cultured individual bacterial strains and mixed consortia (each 2.1 9 10 4 CFU m/L) were transferred into 250 mL of Erlenmeyer flask, each containing 100 mL of optimized growth medium supplemented with 1% (v/v) sterile crude oil as carbon source with respective nitrogen sources. An uninoculated flask was also used to monitor the abiotic loss of the crude oil substrate during degradation. The flasks were incubated at optimum temperature for 7 days at 150 rpm. All experiments were performed in triplicate. At everyday intervals alkane hydroxylase and alcohol dehydrogenase activity during the biodegradation study were confirmed as described in Jauhari et al. (2014) and Parthipan et al. (2017b) . Similarly, laccase enzyme was quantified as described by Kuppusamy et al. (2017) .
Biodegradation of crude oil hydrocarbons was examined using GC-MS. After 7 days of incubation, the residual crude oil in the culture flask was extracted two times with an equal volume of n-hexane (Adebusoye et al. 2007 ) and the solvent phase was dried in a vacuum oven at 60°C. The resultant crude oil (10 lL) was dissolved in 990 lL of n-hexane and analysed using GC-MS as previously described. Hydrocarbon degradation was expressed as the percentage of crude oil degraded versus that present in the abiotic control sample. The biodegradation efficiency (BE) percentage, based on the degradation of hydrocarbons, was calculated using the formula described by Michaud et al. (2004) and Rajasekar et al. (2007) where, BE (%) = 100-(A s 9 100/A ac ). Here, A s is the total area of peaks in every sample, and A ac is the total area of peaks in the proper abiotic control.
Statistical analysis
All data recorded in experiments were exposed to the analysis of variance (ANOVA), the Tukey test was used for statistical significance analyses. P \ 0.05 was used for the significance of differences between means.
Results and discussion
Screening for biosurfactant production
As shown in Table 1 , a total of seven bacterial strains belonging to four different genera were screened for biosurfactant production. Both primary (oil spreading and drop collapse assays) and secondary (emulsification activity) screening methods were used for the effective screening of the isolates (Korayem et al. 2015) . In oil spreading assay a clear zone was measured in presence of strains NA3, MN3 and TNA2 with a range of 1.5 to 2.0 cm among the other strains such as MN1, TBH2, TMN2 and TTB1. These primary and secondary screening assays confirmed the presence of biosurfactants in the cell-free culture broth of NA3, MN3 and TNA2. The area of oil displacement in the oil spreading assay was directly proportional to the concentration of the biosurfactant in the solution. A quick flat drop was noted in drop collapse test for the strains NA3 and MN3 within 30 s followed by more than 1 min for strain MN1 and more than 2 min for the remaining strains including TBH2, TMN2, TNA2 and TTB1. The emulsification index (E24) was further used for confirming the efficient biosurfactant producers, strains NA3 and MN3 which gave the highest E24 values as 38.5 and 36.4%, respectively, than compared to other strains. This E24 value of the strains is recognized as the production of biosurfactants. In agreement with our data, several Pseudomonas and Acinetobacter species have been previously reported as efficient biosurfactant producers (Chen et al. 2012; Bao et al. 2014; Deepika et al. 2016) .
Optimization of the substrate and growth conditions
Based on the initial screening results two strains namely P. stutzeri NA3 and A. baumannii MN3 were further selected for the optimization studies. Different carbon sources, nitrogen sources, pH, temperature and concentration of the carbon and nitrogen sources were optimized in this study (Korayem et al. 2015) . The synthesis of biosurfactant was articulated in expressions of emulsification index (E24%) and bacterial biomass. The biosurfactant containing culture broth was centrifuged and supernatant was used for the measurement of emulsification activity.
Effect of pH on biosurfactant production
Many physiochemical factors such as pH, temperature, growth conditions and agitation were strongly influenced by the microbial growth and their metabolisms (Khopade et al. 2012) . Among them pH of the production medium is a key factor for the bacterial growth. Each and every bacterium has an optimum pH level for their proficient metabolism. A minute modification in the pH level of the production medium may lead to the complete reduction of the activity. At pH 5.0, the biosurfactant synthesis was rigorously reduced and the bacterial proliferation was considerably impeded. This low pH developed unfavourable conditions for both the strains as described in Khopade et al. (2012) . When the starting pH was set to 8.0 for NA3, the E24 value was increased to 42%, when increased more than pH 8.0, a decline in the biosurfactant production level was noted. Similar results were recorded for the MN3 where the optimum pH was 7.0 which matched with the previous studies too (Lotfabada et al. 2009; Khopade et al. 2012 ). The optimum pH for bacterial development and biosurfactant synthesis were determined to be 8.0 and 7.0 for strains NA3 and (Table 2) , P values are lower than 0.05. The pH of the production medium plays an important role in the synthesis of sophorolipid using T. bombicola. Rhamnolipid synthesis using Pseudomonas spp. showed highest production at a pH range of 6-6.5 and declined harshly beyond pH 7.0 was also reported (Powalla et al. 1989 ).
Effect of temperature on biosurfactant production
Another physiochemical factor that majorly influences the production of biosurfactant is temperature of the growth medium. As shown in Figs. 1b and 2b, both strains showed the different optimal temperature of 30 and 40°C, low temperature 20°C was not found to be ideal temperatures for the many bacterial strains. Higher temperature of 50-60°C also stopped many of the bacterial metabolisms. Bacterial strain NA3 showed highest E24 values (46%) at 30°C (Khopade et al. 2012) . As the incubation temperature was increased, it led to a sharp reduction in the biosurfactant production to a very low E24 value of 4% at 60°C. Another strain MN3 showed the highest E24 values of 41% at 40°C (Sathishkumar et al. 2008) . Similar reduction in the biosurfactant production was noted with only 5% of E24 at 60°C. Table 2 shows ANOVA results of experimental data and all the values were significant (P \ 0.05). These results suggests that, both the strains NA3 and MN3 were mesophilic bacterium, which is key factor for these strains to show effective production level at moderate temperature of 30-40°C.
Effect of carbon on biosurfactant production
The higher production of biosurfactant depends on the composition of the culture medium. Under controlled conditions, the modification of the carbon substrate in the production medium could influence the biosurfactant synthesis. As represented in Figs. 1c and 2c , eight carbon sources are screened for biosurfactant production. Among all, sucrose was found to be a favourable carbon source for both the bacterial strains (E24: 46.4% for NA3 and 43.8% for MN3) (Khopade et al. 2012) . Table 2 shows ANOVA results of experimental data and all the values were found to be significant (P \ 0.05). Similarly, sucrose was reported as best carbon sources for other bacteria species (Korayem et al. 2015) . Besides sucrose and crude oil, coconut oil was also recognized as best production source for strain NA3, and crude oil and mannitol were the best for strain MN3. Among the carbon sources used starch and glycerol showed low E24 values for NA3 and MN3, respectively.
Effect of nitrogen on biosurfactant production
Nitrogen-rich substrates play an important role in the biosurfactant synthesis (Wu et al. 2008) . The selections Table 2 shows ANOVA results of experimental data and all the values were significant (P \ 0.05). In sequence to acquire higher production of biosurfactant, it is obligatory to comprise controlled conditions in terms of macronutrients. Among the tested seven nitrogen sources, yeast extract gave the highest E24 values (48.5%) for the strain NA3 (Kiran et al. 2009; Khopade et al. 2012 ) and urea was found to be the most excellent substrate (E24 was 42.1%) for the strain MN3 (Meyer 2011; Elazzazy et al. 2015) . Using ammonium salts in the form of NH 4 Cl led to considerable enhancement in the proliferation, but not in biosurfactant synthesis and also caused remarkable decline in pH ranges (Prieto et al. 2008; Khopade et al. 2012) . Effect of carbon and nitrogen concentration on biosurfactant production
The concentration of the substrate is an essential factor that determines the biosurfactant production rate. As shown in Figs. 1e, f and 2e, f. 1-5% of the carbon and nitrogen sources for NA3, 1% of the sucrose (E24: 48.7%) and 3%
of the yeast extract (E24: 51.2%) were found to be the optional concentration for biosurfactant production. In case of MN3, 1% of the sucrose (E24: 75%) and 4% of the urea (E24: 44%) were noted as the optimum concentration of carbon and nitrogen, respectively. Table 3 shows ANOVA results of experimental data and all the values are significant (P \ 0.05). Due to set up of optimized conditions including the pH, temperature, carbon and nitrogen sources, E24 values gradually increased to the maximum level compared to individual optimization conditions. Optimized concentration study as said above was used for quantitative analysis of the biosurfactant. Strain NA3 produced 3.81 g/ L (Xia et al. 2011 ) and strain MN3 produced 4.68 g/L of biosurfactant, which are recorded as highest compared to the previous reports (Hassanshahian and Giti 2008; Xia et al. 2011) .
Biosurfactant characterization
Gas chromatography analysis revealed that the biosurfactant extracted from both bacterial strains were fatty acids. Both strains P. stutzeri NA3 (Fig. 3) and A. baumannii MN3 (Fig. 4) contained fatty acids such as hexanedioic acid, bis (2-ethylhexyl) ester (C 22 H 42 O 4 ) (Hien et al. 2013) , and palmitic acid (C 16 H 32 O 2 ) (Davila et al. 1992) . FT-IR analysis of the biosurfactant produced by P. stutzeri NA3 (Fig. 5a ) confirmed that it was a lipopeptide. FT-IR spectra revealed that peak at 598 cm -1 corresponding to C-I (Carbon-Iodine) bond. The peak at 638 cm -1 validated the presence of C-Br. Absorption bands at 875 and 971 cm -1 corresponds to the stretching of RCH=CH 2 . Intense stretching peaks at 1165 and 1640 cm -1 indicated the presence of R-NO 2 groups. A peak at 1230 cm -1 was assigned to C-O stretch of esters. The transmittance at 1403 cm -1 was probably linked with the presence of aliphatic chain with C-H group. Similarly, A. baumannii MN3 also showed many analogous peaks such as C-I, CBr, RCH=CH 2 , R-NO 2 , and C-H (Fig. 5b) . In addition, a new peak was noted at 2391 cm -1 reveals the stretching of N-H group. The availability of all these functional groups firmly substantiated that biosurfactants were mainly lipopeptide in nature (Sarafin et al. 2014) .
Crude oil degradation analysis
The utilization of crude oil by biosurfactant-producing bacteria was continuously monitored at the time of the biodegradation process. It was visibly noticed that inoculation of both strains in BH medium with crude oil as sole carbon source turned the medium into more turbid within 2nd day of incubation. The turbidity of the production medium increased with incubation time. At the end of the incubation period the residual crude oil was recovered for RT, retention time; RA, relative abundance (%); NA3, P. stutzeri; MN3, baumannii parvus, Mix, mixed consortia GC-MS analysis to understand the level of degradation. The gas chromatogram of crude oil degradation is shown in Fig. 6 . The structural matches of the GC retention data of the crude oil, as well as the mass spectra interpretation are presented in Table 4 . The biodegradation of crude oil by P. stutzeri NA3, A. baumannii MN3 and mixed consortia showed biodegradation efficiency (BE) of about 84, 78 and 86%, respectively. More accurately, hydrocarbons from C8 to C28 were present in the crude oil samples. Among these hydrocarbons low molecular weight hydrocarbons, ranged between C8 and C15, such as octane nonane, decane, undecane, dodecane, tridecane, tetradecane, and pentadecane were completely removed in all the degradation systems. Remaining hydrocarbons such as hexadecane, heptadecane, octadecane, nonadecane, eicosane, heneicosane, docosane, 4-methyldocosane tetracosane, pentacosane, heptacosane 1-chloro, octacosane were degraded by 70-95%. Very low degradation efficiency was noticed for heptadecane 2,6,10,15-tetramethyl (BE was only 11%) and hexacosane (BE: below 11%). Thus, both strains have high potential to degrade aliphatic components present in the crude oil.
Degradative enzymes in biodegradation of crude oil
The degradative enzymes are quantified during the crude oil degradation and presented in Fig. 7a , b. Alkane hydroxylase enzyme activity was increased with incubation period; the maximum activity was recorded as 176 lmol min -1 mg -1 protein for strain NA3 and 170 lmol min -1 mg -1 protein for the strain MN3 at end of 3rd day of incubation. Activity of the alcohol dehydrogenase was not as much as alkane hydroxylase during the biodegradation (Mishra and Singh, 2012) . Figure 7a represents the activity of the alcohol dehydrogenase, as 92 lmol min -1 mg -1 protein and 84 lmol min -1 mg -1
protein was recorded for the strain NA3 and strain MN3 at 3rd day. Figure 7b explains the laccase activity was also maximum after 3 days of incubation during the biodegradation process and the values are noted as 32.6 and 44.8 U/ mL for the strain NA3 and MN3, respectively. As the incubation increased, the enzyme production activity was slowly declined along with the decrease in the bacterial biomass. Similarly, Pirog et al. (2010) and Parthipan et al. (2017b) also reported on the higher activity of the alkane hydroxylase enzyme than alcohol dehydrogenase in biodegradation of hexadecane by R. Erythropolis EK-1 (Pirog et al. 2010 ) and in crude oil degradation (Parthipan et al. 2017b ). Enzyme activity found in current study was much higher/similar to the previous studies (Mishra and Singh, 2012; Parthipan et al. 2017b) . Alkane hydroxylase initiates the removal of alkanes by establishing the oxygen atoms at diverse sites of alkane terminus (Ji et al. 2013 ).
Both biosurfactant-producing strains led to increased efficiency of biodegradation. Several studies show that alkanes ranged between C 8 and C 20 were easily utilizable as energy sources by many bacteria (Das and Mukherjee 2007; Hassanshahian and Giti 2008) . Ibrahim et al. (2013) identified several bacterial genus including Achromobacter sp., Bacillus sp., Serratia sp., Sphingomonas sp. and Micrococcus sp. as crude oil degrader by producing biosurfactant, which are lipopeptide in nature. The cationic moieties of the biosurfactant attract the negatively charged bacterial membrane in contact with crude oil during degradation (Ferradji et al. 2014) . Crude oil is a complex mixture of insoluble compounds, alongside n-alkanes of with different chain-lengths, which are hydrophobic and cautiously disperse in water. Thus, the synthesis of surfaceactive substances by bacterial strains from the degradation of short chain low molecular weight hydrocarbons leads to near the beginning solubilisation of crude oil and the turbidity of the growth medium (Ismail et al. 2013) . The development of microbial cells was then encouraged by the 'degraded' hydrocarbons, followed by the production of Fig. 7 Quantification of the degradative enzyme activity during biodegradation of crude oil by bacterial strains P. stutzeri NA3 and A. baumannii MN3: alkane hydroxylase and alcohol dehydrogenase activity (a), laccase activity (b) supplementary emulsifying agents (Chandankere et al. 2014) . As a consequence of this, higher amounts of crude oil was diffused into the culture medium, leading to a sudden increase in the culture turbidity. In this scenario, the biosurfactants synthesised by bacteria are found to be more proficient than chemical surfactants in increasing the solubility and well-organized biodegradation of petroleum hydrocarbons with highly eco-friendly in nature. In this study, the production of biosurfactants by both bacterial strains led simultaneously to the consumption of accessible hydrophobic substrates by escalating the surface area of substrates and solubility.
Conclusion
Based on the primary and secondary screening methods strains P. stutzeri NA3 and A. baumannii MN3 were identified as efficient biosurfactant producers. Physicochemical factors of the production medium were optimized using emulsification activity of the biosurfactant produced at the end of the each experiment. P. stutzeri NA3 showed highest degradation efficiency (84%) among the tested bacteria. Degradative enzymes such as alkane hydroxylase, alcohol dehydrogenase and laccase were found to play important role in the biodegradation of crude oil. This degradative enzyme and the effective biosurfactant-producing bacteria represent a promising option many applications aimed at the biodegradation of hydrocarbon and bioremediation of polluted toxic environments.
